Introduction
Differential phase-shift keying (DPSK) is a promising modulation format for optical communication networks. Compared to on-off keying (OOK) formats, DPSK exhibits a 3 dB improvement in receiver sensitivity when balanced detection is employed, and is more tolerant to fibre nonlinearities 1 . In order to accommodate the growing demand of wavelength division multiplexing (WDM) networks, multi-channel DPSK demodulation is preferred 2 . Mach-Zehnder delay interferometers (MZDI), in which one-bit delay between the two arms of the MZDI realizes conversion from phase modulation to intensity modulation, are typically applied to demodulate DPSK signals. Other approaches have also been proposed and demonstrated, such as uniform fibre Bragg gratings (FBG) 3 , arrayed waveguide gratings (AWG) 2 , birefringent fibre loops 4 , etc. Using a silicon microring resonator (MRR) has also been proposed 5 and demonstrated 6 for single channel DPSK demodulation. This scheme is very attractive for multi-channel applications due to its compact size, integration ability, and CMOS compatible fabrication.
In this paper, we demonstrate multiple channels WDM non return-to-zero DPSK (NRZ-DPSK) demodulation at 40 Gbit/s based on a single silicon MRR with free spectral range (FSR) of 100 GHz and Q value of 6700. Both the through and drop port demodulations exhibit very good and similar bit error rate (BER) performance for all the channels. The wavelength detuning tolerance is further experimentally characterized, showing similar wavelength detuning sensitivity compared to MZDIs for through port demodulation, and improved wavelength detuning sensitivity for drop port demodulation. 
Device fabrication and characterization
The silicon MRR was fabricated on a silicon-oninsulator (SOI) wafer with top silicon thickness of 250 nm and buried silicon dioxide of 3 μm. First, diluted (1:1 in anisole) electron-beam resist ZEP520A was spin-coated on the wafer to form a ~110 nm-thick mask layer. The structure of the device was then defined using electron-beam lithography (JEOL JBX-9300FS). After that, the sample was etched by inductively coupled plasma reactive ion etching (ICP-RIE) to transfer the patterns to the top silicon layer. A layer of 3.5 μm polymer (SU8-2005) was spin-coated afterwards. Since the SU8-2005 is a negative photo-resist, top cladding regions and nanocouplers are defined by electron-beam lithography, and finally formed by developing. The radius of the MRR is 114 μm, as shown in Fig. 1(a) , with a waveguide width of 435 nm and coupling gap of 371 nm for both through and drop coupling regions, as shown in Fig. 1(c) . The silicon waveguide is inversely tapered to 48 nm, covered by a polymer waveguide (see Figs. 1(b) and 1(d)) to form a nano-coupler, resulting in ultra-low coupling loss 7 to the fibre. Fig. 1(e) shows the measured transmissions of the through and drop ports of the MRR for the TM 0 mode as a function of wavelength. The extinction ratio (ER) of the through transmission is as high as 25 dB, the measured FSR is 0.8 nm, corresponding to 100 GHz, and the Q value is 6700. The total insertion loss of the device is only 3 dB.
Experimental setup and results
The experimental setup for WDM NRZ-DPSK demodulation is illustrated in Fig. 2 . Four channels of continuous wave (CW) laser light with wavelengths of 1548.65 nm, 1550.26 nm, 1551.90 nm, and 1553.54 nm are combined in a coupler, amplified by an erbium-doped fibre amplifier (EDFA), then simultaneously modulated in the NRZ-DPSK format in a MachZehnder modulator. The bit rate is 40 Gbit/s and the bit pattern length is 2 31 -1. The WDM NRZ-DPSK channels are then amplified by another EDFA and de-correlated in 150 m dispersioncompensating fibre (DCF) with total dispersion of -17.4 ps/nm at 1550 nm. In order to ensure that all WDM channels are optimally coupled to the MRR, a polarization controller (PC) followed by a polarizer is first used to align all channels to the same polarization state. A second PC is then used to align the input polarization to the TM mode of the waveguide. Demodulated alternate-mark inversion (AMI) and duobinary (DB) signals will be obtained at the through and drop ports of the MRR, respectively. Afterwards, 1 km standard single mode fibre (SMF) is used to compensate the dispersion introduced by the DCF. The WDM demodulated signal is amplified by another EDFA, de-multiplexed by an AWG with 100 GHz channel spacing and 0.5 nm 3 dB bandwidth, and finally detected in an optically preamplified receiver. with 42.5 GHz FSR used for single channel demodulation. Although the BER for both through and drop port demodulations are worse than that of the MZDI, all the four channels obtain bit error rates below 10 -9
, without notable error floor. For through port demodulation, the AWG induces about 1~2 dB power penalty, and about 0.5~1 dB power penalty is further caused by the crosstalk between channels. However, for drop port demodulation, the AWG improves the receiver sensitivity by about 3 dB, and around 0.5 dB power penalty is further introduced by the crosstalk. As there is a trade off between the performance of the demodulated AMI and DB signals 5 , it is found that the MRR with Q value of 6700 associated with the AWG, lead to similar receiver sensitivities for both through and drop port demodulations.
Wavelength detuning tolerance for both through and drop port demodulations is also experimentally characterized, as illustrated in Fig. 5 . The receiver sensitivity is evaluated at a BER of 10 -9 for single channel operation without AWG. For MZDI demodulation, the receiver sensitivities for both "constructive" (DB) and "destructive" (AMI) ports exhibit similar dependences to the wavelength detuning, with allowed detuning ranges for 3 dB power penalty of about 0.04 and 0.05 nm for the demodulated AMI and DB signals, respectively. A similar wavelength detuning sensitivity is obtained for MRR through port demodulation, with a detuning tolerance of about 0.05 nm. The receiver sensitivity for the drop port demodulation is much better, with a detuning tolerance of 0.09 nm (all at 3 dB receiver sensitivity degradation).
Conclusions
We have demonstrated four channel WDM NRZ-DPSK demodulation using a single silicon MRR with FSR of 100 GHz and Q value of 6700. Both through and drop ports exhibit very good similar demodulation performances without error floor. Wavelength detuning sensitivity measurements show a better wavelength detuning tolerance for the drop demodulation than for demodulation using a MZDI.
